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SUMMARY

This report presents the estimated handling qualities of the Lunar Landing Research
Vehicle Model 7161. Results presented in this report will be supplemented by a detailed
simulation of the wehicle that is being planned by NASA. . It is expected that the data
presented herein will provide a guide for that work and the initial planning of the subsequent

flight test program.

The report is divided into three parts giving, respectively: (1) a description of the
LLRV physical characteristics and control systems, (2) detailed description of the piloted
analog simulator study conducted by Bell Aerosystems Company and, (3) the estimated

handling qualities, flight boundaries, and emergency recovery techniques for the LLRV.

The configuration studied in the Bell simulator program had different aerodynamic
characteristics from the present LLRV so, to some extent, the following results give a

qualitative indication of the characteristics of the final LLRV configuration.

Satisfactory Handling qualities were exhibited in the attitude position command mode
but not in the acceleration command mode. In the rate command mode the vehicle is flyable
with pitch and roll control powers greater than about 0.2 rad/ secz. These. results were
obtained with attitude rocket on-off threshold less than five percent stick travel when full

stick corresponded to up to 2.5 rad/sec in the lunar simulation mode and 1.25 rad/sec in the

-engine centered mode.

Control power level did not greatly affect the pilot rating except at the low levels

(0.2 rad/sec) where the rating deteriorated.

Reducing the attitude rocket-on-off threshold from five percent stick travel to two

percent gave a marked improvement in rating (usually greater than one point).

A lower stick sensitivity (i.e., angular rate per inch of stick travel) was required for
the engine centered mode than for the lunar simulation mode. The optimum being a stick

sensitivity of 0.66 rad/sec and 1.0 rad/sec, respectively, for full stick travel.

.

~

Height control was rated by the pilots at values of five to six (unsatisfactory -

unacceptable). A main criticism was the opposite senses of the jet engine throttle and the

vi Report 7161-954004




lift rocket lever actions when switching from the engine centered mode to the lunar simula-

tion mode of flight.

Attitude rocket fuel consumption rates varied from pilot to pilot but showed a close
correlation with the ease or difficulty of control. The range likely to be achieved by a

trained pilot is from about 11 to 17 pounds per minute.

Recovery procedure in the event of a jet engine failure was investigated. Attitude
was easily controlled but altitude and altitude rate were difficult to control within safe limits.
Further consideration of the recovery profile has led to a simplification in recovery pro-

cedure which should be acceptable to the pilots.

Report 7161-954004 vii
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1.1.

GENERAL.

SECTION I
INTRODUCTION

The purpose of this report is to give a functional description of the vehicle and con-

trol systems and present the information obtained by Bell Aerosystems Company on the

handling characteristics of the Lunar Landing Research Vehicle (Figure 1-1), (LLRV). This

report, although preliminary in nature, should be of assistance in choosing the significant

areas for further investigation and also for the initial planning of the flight test program.

1.2.

The report encompasses three main sections:

(1) Description of the LLRV., - This section describes the present vehicle and its

method of operation. A summary of the physical characteristics, aerodynamic
forces and moments, and a detailed discussion of the altitude control system and
its operation is given.

(2) Piloted Analog Simulator Study. - This section presents a detailed description of

the simulator study carried out by Bell Aerosystems Company and is the basis
of the estimated handling qualities.

(3) Estimated Handling Qualities. - The results of the simulator study are discussed

and interpretations for the flying characteristics of the LLRV are made. The
main areas covered are attitude control, height control, fuel consumption rates,
and emergency recovery procedures.

LIST OF SYMBOLS.

gx: 8y, 8z

Kg .Kg Ky
Kp, Kg, K,

L
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Components of aerodynamic force on engine in vehicle x, y,
z directions. :

Components of aerodynamic force on outer frame in vehicle
X, ¥, z directions.

Acceleration due to gravity (32.2 ft/ secz).

Components of acceleration due to gravity in vehicle x, y, z
directions.

Attitude position gyro feedback gains for roll, pitch and yaw.

Attitude rate gyro feedback gains for roll, pitch and yaw,
(See Figure 2-5).

Vehicle characteristic length = 7.b ft



1-2

Roll, pitch, yaw moments due to aerodynamic drag on engine.

Roll, pitch, yaw moments due to aerodynamic drag on vehi-
cle (outer frame).

Roll, pitch, yaw moments on vehicle due to rotation of vehi-
cle (outer frame).

Roll, pitch, yaw moments on vehicle due to attitude control
rockets.

Rate of roll, pitch, and yaw about vehicle x, y, z axes.
Vehicle reference area = 38.48 ft

Components of jet engine thrust in vehicle x, y, z directions.
Lift rocket thrust (Vehicle z direction only).

X, ¥, z Components of velocity

u2 + v2

2
u2+v2+w2=uw +w2

Distances along the positive X, y, z directions (see Figure
2-3).
Density of air slug's/ft3,,

Euler transformation angles from earth axes to vehicle body
axes, yaw, pitch and roll, respectively.

. Report 7161-954004




SECTION II
DESCRIPTION OF LLRV

21. GENERAL.

The Lunar Landing Research Vehicle is illustrated in Figure 1-1 and the general

arrangement drawing, Figure 2-1. It cohsists of a four-legged truss framework supporting

a pilot's compartment at the front and an instrumentation package at the rear. A jet engine

is suspended between the legé with its thrust axis vertical. The engine is mounted on a gim-
bal which allows the thrust axis to be tiltgd in pitch and roll relative to the vehicle outer

frame.

There are two basic modes of flight:

(1) Lunar Simulation Mode and
(2) - Earth Mode. - -

2.1.1. Lunar Simulation Mode. - Wheﬁ in»:th_er lunar simulation mode, the jet engine thrust
vector is’ automatically ‘cbntrplled in mégnimde and direction to provide a vertical lift

~ equal to 5/6 of thé \lré‘hicle instanté,neous weight and to overcome aerodynamié drag. The
remaining 1/6 of the LLRV w'éight is supported by two throttleable lift rockets, controlled
by the ‘pilot and having-‘*a' maximum th_rtiét of 500 pounds each. The resultant thrust vector

of the lift rockets is permanently aligﬁed with the vehicle (outer frame) z-axis so that a

rotation of the {r'éhicl'e‘k from a Yepti,éai position causes horizontal translation.

2.1.2. Earth Mode. - To conserve rdéket;engme‘”fuel, the vehicle is flown to the altitude
chosen to start the lunar simulation in fhe earth (or engine centered) mode. In this mode,
the jet engine is held fixed relative to the outer frame so that the thrust axis is aligned with
the vehicle (outér frame) z-axis. Thé pilot controls the jet engine thrust to support the

entire vehicle weight.

2.1.3. Attitude Control. - Attitude control is achieved with 16 smaller (90 pounds maximum

thrust) rockets arranged so that eight provide pitch and roll control and eight provide yaw
control. These rockets can be ground adjusted to give thrust levels down to 18 pounds each.

They are controlled in flight by on-off (not proportional) valves.

i "
. i |
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Figure 2-1. LLRV General Arrangement
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2.2, PHYSICAL CHARACTERISTICS,

Data given in this section is for reference only. Consult the appropriate handbook

for exact data.

Vehicle Outer frame 1796 1b
including 200 1b pilot

Engine gimbal mounted 870 1b

Fuel: JP4 Jet engine 400 1b

'H,0, Lift rocket 500 Ib

H202 Attitude rocket - 1001b

Gross Weight 3666 1b

Inertia. - See Figure 2-2.

Turhofan Jet Engine. -

CF-700-2V ducted fan (contra-rotating)
Maximum thrust (standard day sea level) 4200 1b
Specific fuel consumption 0.7 Ib/hr/1b

Lift Rockets. -

Maximum thrust (pilot throttieable) 500 1b/rocket
Specific impulse 122 1b sec/Ib

Attitude Rockets. -

Thrust range (ground adjusted) 18t0 90 1b
Specific Impulse 100 1b sec/1b

Attitude Control Power Range. - See Figure 2-2.

2.3. ATTITUDE CONTROL SYSTEMS.

Pitch and roll control is accomplished by means of four pairs of rockets: each pair
providing an upward directed thrust and a downward directed thrust. Yaw control is pro-
vided by an additional four pairs of rockets thrusting sideways and fore or aft. The arrange-
ment is as shown on Figure 2-3. Three firing arrangements, or modes: are possible:

these are termed BOTH, STANDARD, and TEST.

2.4 Report 7161-954004
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T

ENGINE CENTERED

LUNAR SIMULATION

MODE MODE
FULL EMPTY FULL EMPTY
200 LB PILOT - - FUEL. FUEL
Weight — Ib 3666 2666 3666 2666
Iyx — slugs ft2 1100 776 1040 716
Iyy 2800 2535 2737 2472
I, 3318 2742 3318 2742
Maximum control moments: Roll 1080 1b ft
Pitch 2100
Yaw 1590
Max. Control Power Rad/Sec®  Roll 0.9818 1.391  1.038  1.507
Pitch 0.75 0.828 0.767 0.849
Yaw 0.479 0.58 0.479 0.58
150 LB PILOT
Weight - 1b 3616 2616 3616 2616
Inx o 1115 780 1055 720
Iyy 2510 2250 24417 2187
2925 2351 2925 2351
Max. Control Power Rad/Sec®  Roll 0.969 1.384  1.0233  1.499
Pitch 0.837 0.933 0.858 0.96
Yaw 0.544 0.676 0.544 0.676
Minimum Control Powers:
Pitch and Roll: Minimum = &511—:)9-@-2-
Yaw: Minimum = Maximum
10

Figure 2-2. LLRV Control Powers
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F
F T_
8
X 8
-t .
/

(Forward) As‘// 70" DT/
E - %. H
s 7 8
E ,/"/
T A D
Z
Rocket ASAT BS BT CSCT DSD sET FSFT GSGT HS HT
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piteh ° | VY |
: Down v v 1/
Roll Right | V| ViV |V
Left v IV I/
Yaw _ngh&_- RN - v ‘/ v I/
Left v v IV v
Pitch Up and
Roll Right (Both). v v/
Pitch Up and /
Roll Right (Test)
For Both : Rocket with subscripts S and T fire

Standard : Rocket with subscript S fire
Test : Rocket with subscript T fire

Figure 2-3. Attitude Control Rocket Layout and Firing Sequence.
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2.3.1. Both Mode. - This mode uses all the rockets and the firing logic as shown in Figure
2-3. It will be noted that, when pitch and roll are commanded simultaneously, there are two
pairs of rockets on which both the upward and downward nozzles could be scheduled to fire,
and thus cancelling each other and halving the nominal control power. To eliminate the fuel

wastage that would result, the firing circuitry prevents opposing rockets from firing.

2.3.2. Standard Mode. ~ This mode uses only eight of the sixteen rockets. Their thrust is

set prior to flight at a standard level (90 pounds) which is known to provide adequate control.
The firing logic is indicated by subscript "S" on Figure 2-3. As with Both, when demanding
pitch and roll simultaneously, there are rockets which could be thrusting in opposition thus
halving the nominal control power. However, these conflicting rockets are cut out. This
means that only one rocket is firing and it results in a small translation force as well as a

moment.

2.3.3. Test Mode. -~ This mode is similarto the Standard mode except that the other eight
rockets (subscript "T") are being used. Thrust level is set at any desired test level from

18 to 90 pounds.

The pilot has the ability to change from Test to Standard or Both at will by using a
switch on the pilot's console. All the rockets can be ground adjusted to give a thrust level in
the range of 18 to 90 pounds. This adjustment, together with being able to use half the
rockets (either the TEST or STD set or BOTH) provides the capability to vary control power
by a factor of 10.

2.3.4. Firing Control. - Control of the rockets is such that they are either on or off; they are

not proportional type. The threshold is achieved as shown on Figures 2-4 and 2-5.

Both the threshold which the pilot has to exceed before the rockets fire and the value
below which they cease to fire can be ground adjusted. It should be noted that the rocket
firing circuit logic results in an equivalent stick threshold at 45 degrees to the pitch and roll

axes. (See Figure 2-4).

By incorporating vehicle attitude rate and position feedback signals into the control
loop, three modes of attitude control are possible. The pilot can command an attitude posi-
tion, a rate of change of attitude, or an attitude acceleration. A diagrammatic representation

of these three systems is shown on Figure 2-5.
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Figure 2-4. Attitude Control Rocket Threshold
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‘Pilot Commands, ¢

Attitude Position Mode c & ¥. K¢=Kg =K vy =0
Attitude Rate Mode ‘ pc qc rc K ¢=Kg =K v =,
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2.3.4.1. Attitude Acceleration Command. - With this modé 6f control there are no vehicle

rate or position feedbacks i.e., K é K g ° Kq, and Kp, Kq, Kr are all zero. Signals from
the pilot's controls go directly to the on—-off threshold. When the signal exceeds the ON
threshold, the appropriate rockets fire, producing an acceleration in roll, pitch, or yaw which
is independent of furthei' stick mdvement until the control is returned to a deflection less
than the equivalent OFF threshold.

This "all or nothing'" characteristic makes the vehicle very difficult to control
since, when flying with s teady moments acting on the vehicle (e.g. pitching moments in for-
ward flight), the pilot cannot use a steady stick deflection to maintain attitude but instead
has to keep ""pumping" the stick. The handling qué.lities study in fact found that it was not

pdssible to control the vehicle in this mode. See Paragraph 3.7.

2.3.4.2. Attitude Rate Command. - This mode is a pseudo-proportional control. The

rockets are siili either on or oif, but the rate of rotaticn developed is proportional to the

stick deflection. This i8 achieved by taking the éignals from the rate gyro, which repx;esent
the measured rates of rotafion of the vehicle about the vehicle body axes (i.e4p, q, 1), |
multiplying by the appropriate gain Kp, Kq, Kr (see ngure 2-5), and @en subtracting from
the input signal out of the pilot's control. Thus for a steady control deflection the vehicle

will achieve a steady rate of rotation defined by:

e.g. ?011 : pc - Kpp =0
This defines stick sensitivity:
Ks 88
pcsz 8s=Kpp p.—-Kp

rad/sec _ 1.0 rad/sec
inch 5.6 inch

Ss = gtick deflection - inches

Where KS = stick gain in simulation

This mode was found flyable with various values of stick sensitivity; on-off thres-

hold, and control power.

2.3.4.3. Attitude Position Command. - This mode also is pseudo—proportioné.l. The rate and

position gyros are combined with the pilot's control input. This results in a given control

position maintaining the vehicle at a corresponding attitude.
e.g., in the steady state: b - Kpp - Kg $=0
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This mode of control was very easy for the pilot to fly. Checks were conducted on the open

loop dynamics (no pilot) to ensure that the attitude and rate gains gave a stable overall sys-

tem and the attitude control rocket thresholds were adjusted to minimize rocket pulse rates.

Satisfactory attitude rate and position gains were:

K¢ ,Ke ’K‘P =1.0
K,K,K =0.,
p qQ r

Rocket pulsing will be different on the LLRV from that simulated because of the introduction

of a diode in parallel with the on-off solenoid. This prolongs the rocket thrust decay time.

2.3.4.4. Summary. - It will be noted that all three types of control modes utilize the same

basic electronics and rockets for aerodynamic moment compensation and for pilot com-

manded attitude changes. Thus, at high speeds, some of the available control power is being

used to overcome the aerodynamic moments.

In the acceleration command mode, the pilot senses the aerodynamic moments
constantly trying to rotate the vehicle and compensates by means of short bursts from the
control. In the rate mode, the aerodynamic moments are almost indistinguishable to the
pilot because, when the angular rate defined by the stick deflection and the on~-off threshold
is reached, the rockets automatically fire to prevent this rate from being exceeded. When
flying with the attitude position command mode, the aerodynamic moments are almost
completely compensated and a given stick deflection will hold the vehicle's attitude within

the limits defined by the effective on-off threshold.
2.4. JET ENGINE AND LIFT ROCKET CONTROL MODES.

There are two primary modes of jet engine and lift rocket control. These are: (1)
the lunar simulation mode in which the turbojet engine is automatically controlled to over-
come aerodynamic drag and provide a vertical lift equal to 5/6 of the LLRV weight, while
the pilot controls the lift rocket thrust; (2) the engine centered mode in which the engine is
maintained aligned with the vehicle centerline while the pilot controls the thrust level and
the lift rockets are off. However, from the point of view of systems there are two other

modes, one of which is to protect the engine in case of tilt angles exceeding the permissible

range for satisfactory engine lubrication and the other is to lock the gimbal in case of failure

in the normal gimbal actuating system. A brief description and summary of the four modes

is given in the following paragraphs.
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(1) Local Vertical Mode. - The automatic system keeps the engine aligned with the
local vertical:

(1) This is used when the vehicle is on the ground

(2) When flying in the engine centered mode or lunar simulation mode, if the
engine deviates more that 14 degrees from the vertical this mode is auto-
matically established after a nominal time delay (0.5 sec).

(2) Engine Centéred Mode. - The automatic system keeps engine aligned with the
vehicle centerline. This is usedto flyto a point where a lunar simulationis tobe
~ initiated or to return to base after a simulation.

(3) LunarSimulation (or Jet Stabilization) Mode. - This is used dui‘ing lunar simula-
tion. The automatic system tilts the engine and modulates the thrust so that the
engine supports 5/6 of the instantaneous weight and overcomes the aerodynamic drag.
Maximum tilt angle of the engine is limited to 40° from the vehicle (outer frame)
body axes or 14 degrees from the local vertical.

(4) Emergency Gimbal Locked Mode. - An independent hydraulic valve and pressure
source aligns the engine with the vehicle center line:

(1) When engine stabilization system malfunctions, the automatic system first
switches to the Local Vertical Mode; if engine is not brought to vertical
within a nominal time (0.5 sec) the system sequences to this locked mode
-automatically.

(2) Pilot can select locked mode manually. In this case there is no time delay.
2.5. PRIMARY FLIGHT CONTROLS.
Briefly the primary flight controls consist of the following:

Pitch and Roll contr_ol - center stick

Yaw control ~ conventional rudder pedals
Jet engine throttle - conventional throttle quadraht on pilot's console.
Lift rocket throttle - helicopter type collective pitch stick on left-hand side

For details of these systems and the instrumentation, refer to the LLRV Flight Manual,Bell
Aerosystems Company Report 7161-954005.

2.6. AERODYNAMIC CHARACTERISTICS.

The aerodynamic forces and moments are presented for reference only. Consult

the Summary of Estimated Performance, Bell Aerosystems Company Report 7161-'954003.

Using the following data; the drag, rolling, pitching, and yawing moments have been

evaluated with the engine centered to indicate typical magnitudes for various velocities.
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This data is shown on Figure 2-7 through 2-10 together with the corresponding data used
for the configuration studied during the analog simulation.

2.6.1. Aerodynamic Forces and Moments on Vehicle Outer Frame. -

Forces .

-1.965 1/2 PS u1/u2+w2)
2

Vx
Ay, =-1.709 1/2 PS vyfu®+vd)

-1.830 1/2 PS v/’ +wd)

>
]

sz |
Moments (Equipment platform aft)

. |

= -0.172 (/2 PSL) v/ +w?)
M, = -0129 (/2 PSL) u,/@2+w?
N, = -0340 (/2 PSL) v, /u?+v?

2.6.2. Aerodynamic Forces and Moments on the Engine. - These forces and moments are

in the plane of the résul_tant velocity Vo' To resolve into vehicle outer frame body axes

components the method used in the simulator set up could be used (Paragraph 3.5).

Forces
= i + 2 T
pe 2 u 11.7 (1/2 )PVO

h \;6/—245+366’£j- 3.303 Tj 2 lb.
where W= 2d. 6 (Togo? ~ 3-303 (560 seo
Moments

A
Mue = g w xcp

where x,  =2.2855 (1 +0.5109 —)
cp VO
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SECTION III
PILOTED ANALOG SIMULATOR STUDY

3.1. METHODS AND PHILOSOPHY OF APPROACH.

The piloted simulator study was carried out to assess the handling qualities of the
LLRV using on-off type attitude control rockets instead of the more usual proportional type
and also to obtain design parameters such as the attitude control fuel consumption rate.
Aerodynamic forces and moments were incorporated and both the engine centered mode and

lunar simulation mode could be simulated.

Since this study was carried out, the LLRV design has incorporated a major config-
uration change. This changed the aerodynamic forces and moments (particularly the yawing
moments) and, to a large extent, means that the handling qualities results must now be con-
sidered as qualitative rather than quantitative. Other design refinements include changes
in the rocket on-off threshold (see Figure 2-4 and Paragraph 4.1) and different flight instru-

ments.

The simulator was of the fixed-base type and set up in six degrees of freedom. The

parameters simulated and the methods used are outlined in the following paragraphs.

3.2. PHYSICAL CHARACTERISTICS OF SIMULATED VEHICLE.

(1) Weight: Empty 1800 1b
Fuel rocket (HZOZ) 600 1b
Fuel jet eng. (JP4) 400 1b
Supported on gimbal
(engine) 700 1b
Gross 3500 1b
(2) Moments of Inertia:
Engine Centered Mode Lunar Simulation Mode
Full Fuel Empty Full Fuel Empty
Ixilug’ ®2 " 5em0 2480 2788 2607
Iyy 2850 2570 2762 2481
Iz 3240 2600 3217 2585
Report 7161-954004 3-1




(3) Jet Engine: CF-700-2V turbofan (contra-rotating)
Max. thrust (standard day sea level) 4200 1b
Specific fuel consumption, 0.7 1b/hr/1b

Thrust response time constant, 0.5 second

(4) Lift Rocket: Max. thrust 500 1b/rocket
Specific Impulse 122 lbuf—ec
Time Constant 0.04 second
(5) Attitude Rockets: Thrust Range 9to 90 1b
Specific Impulse 100 l%)S_es
Time Constant 0.02 second-
(6) Moment Arms: Roll rockets 10.31 ft
Pitch rockets 8.54 ft
Yaw rockets 7.25 ft

3.3. SIMULATED VEHICLE AERODYNAMICS,
The vehicle aerodynamic data was as follows:

3.3.1. Aerodynamic Forces and Moments on Outer Frame. -

Cy = 0.07645 u_V 1Ib

W w o

Fp, = 0.061w VoIb

My = 0.0589 u 2 - 0.264u_V_ftlb
w w w o

where:

u =/ 2 4+v2 ft/sec, see Figure 3-1.
Vo =\/12 +vZ + w2 ft/sec

Xy Aerodynamic force component in (-uw) direction lb (see Figure 3-1)

H 0
N
1 1

Aerodynamic force component in (-w) direction 1b (see Figure 3-1)

My,, = Pitching moment in plane (uy, w) (see Figure 3-1) 1b ft

Resolving these into vehicle body axis components, the forces become:

u
Ax, = ~Ox, 7 = 00765 u vV 1b
= - L SR
Az, = -F, = -0.06lw V, Ib
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. be = Engine Body Axes
Suffix e = Earth Axes
v = Vehicle Body Axes

%, /

00°%4 Ze ' Engine Body Axes

y
X L ZM/I Ay
Ag :
t).N
1 Az
Velocity Components 2 z

Forces and Moments

Figure 3-1. Definition of Axes Systems
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and moments become:

=M, - =0.0589 vu_-0.264Vv YV, ftlb
yw u, w

= u = -

= My, 4L = 0.0589 vy, -0-264u Vo ft 1b

=0

3.3.2. Aerodynamic Forces and Moments on Engine. -

@)

(2)

3-4

Forces. ~

1 2
= E'OS CDT Ue [ 12.758 -0.2022 V, + 0.001068 V0 ]

<|U

(o]
_D _ w
and wa =3 uwe, Fy = D/V Ve

Where CDT = thrust dependent drag coefficient
= 0.296 + 0.000026T y

N u2+V2
Uwe e e
/2 2 2 / 2 2 2
V =vJ/u +v +w =\/u +v +w
o] e e €

U, W, w = velocity components along engine body axes as illustrated in
Figure 3-1.

Since the drag components are functions of the appropriate velocity components
this drag was resolved directly into vehicle body axes directions using the
appropriate velocity component, thus;

D D D
Axe—- u, A =- v,Az ——Vow

7 e

Moments. - Equations used were:

1 [ 2
Mue - Z'OS Lref CmT Uwe uWe

/ 2 / 2 '
[ 0.8569 - 0.0159 'uw: +we + 0.0000855 Uy, +WZ ]

where My, acts in the plane of Uw,, and w

- w2 +1.274w] X
e e

e

and CmT = 0.74 + 0.00047 Ty

S =384 ft2

Lref:= 7.0 ft
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3.4.

(3) Engine Centered Mode. - For this condition, the engine body axes and vehicle

4

- - -
cos O cos ¥ cos @ sin ¥ -sin 8 X

sin ¢ sin 8 cos V¥ sin ¢ sin 8 sin ¥

- cos ¢ sin ¥ +cos ¢ cos V¥ sin ¢ cos 6 Ve

sin ¢ sin ¥ cos ¢ sin 8 8in V¥

+Cos ‘f’ sin 8 cos ¥ -sin ¢ cos V¥ cos ¢ cos G ze

(outer frame) body axes are coincident so that moments can be resolved directly
in terms of vehicle body axes velocity components u, v, w:

u
e u
M =M, =My (—)
e e Uy, e ‘u,
Ve
L =-M, — =-M y

e Ue Uy Ug (-‘;v)

Yawing moment was assumed to be zero.

Lunar Simulation Mode. - In this mode the vehicle (outer frame) axes and engine

body axes do not coincide since the engine is automatically stabilized in the ver-
tical position or tilted sufficiently to overcome drag during translation.

Since the engine is not allowed to tilt more than 14 degrees from the vertical,
the approximation was made, that:

. 02 ’2
=2z and uy =/ Xoarth 7Y

earth

Thus giving Mue in the earth axes Uy and z plane. Hence:

M =M _x_

ueearth Ye uWe

-y
L = -M
u
€earth Ye (uwe >

These earth axes components were transformed to vehicle (outer frame) body
axes components using the Euler transformation sequence yaw { , pitch 6 ,
and roll ¢ . This is summarized by the following matrix:

SIMULATED VEHICLE CONTROL SYSTEMS.

3.4.1. Attitude Controls. - Attitude control systems incorporated in the study were similar

to those on the LLRV except for the difference in effective rocket threshold. (Refer to

Paragraphs 2.3 and 4.1.) However, due to the reduced moment arms, the attitude control
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power for a given level of attitude rocket thrust is lower on the LLRV than was simulated

(Table 3-1). This will probably result in increased attitude rocket fuel consumption rate.

TABLE 3-1

LLRV VERSUS SIMULATED VEHICLE

CONTROL POWERS

ITEM LLRV CONFIGURATION* SIMULATED VEHICLE

Maximum Gross Weight - pounds 3666 3500
Mazx. Roll Control Power/Ixx rad/sec2 0.981 1.3
Max. Pitch Control Power/Iyy _ 0.75 1.08

rad/sec2
Max. Yaw Control Power/I,, 0.479 0.8

A _

rad/sec

*See Figure 2-2)

sidered negligible.

3.4.2, Cockpit Controls and Instrumentation. -

3.4.2.1. Controls. - Flight controls consisted of the following:

Central stick +6.0-inch travel in pitch and roll

Rudder pedals +3.25-inch travel

oscillograph.

3-6

Only the BOTH configuration was simulated. This means that all attitude control
moments were pure couples without the translational effects which occur when on STD or

TEST. However, this translational acceleration cannot exceed 1.0 ft/sec2 and was con-~

Jet engine throttle Conventional quadrant type with approximately 45 degrees
travel at 2.0-inch minimum radius.

Lift rocket throttle Floor mounted collective - pitch type lever. Travel about

20 degrees from horizontal to 60 degrees from horizontal.
Length of lever approximately 16 inches.

3.4.2.2. Instrument Display. - The cockpit instrumentation was as shown in Figure 3-2.
Distance travelled was indicated by an earth axes x, y plotter.

Vehicle (outer frame) body axes u and v velocity components were shown on an

Vehicle roll, pitch and yaw attitude were indicated on another oscillograph.
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Other instruments indicated:

Altitude had dual range X1 and X10, Vv, - ft/sec
Vertical acceleration g

Ascent or decent velocity

Percentage of lift rocket thrust being used

Coarse yaw angle indicator +180 degrees
Fuel level warning lights for H202 and JP4 were set at 10% remaining.

3.4.2.3. Engine Stabilization. - For the lunar simulation mode, the engine control system

was assumed to perfectly compensate aerodynamic forces and, in addition, provide a

thrust equal to 5/6 vehicle weight acting in a direction perpendicular to the.earth. Moments
due to changing the engine attitude were neglected. A separate study was carried out to
assess the engine stabilization system and the moments due to actuating the engine were

found to be small.
3.5. EQUATIONS OF MOTION.

The equations of motion are for the vehicle (outer frame) body axes system. (See

Figure 3-1.)

3.5.1. Force Equations.-

~Xdirection m (u-rv+qw) = Aex + Avx +mg 4 TJX

Y direction m ({r - pw +ru) = Aey + Avy + mgy + TJy

Z direction m (w -qu + pv) = Aez + sz +mg, + TJZ + TRL

3.5.2. Moment Equations.~

Roll: LDe + LDV + Lp+ LA = Ixxp + (IZZ-Iyy)qI‘
Pitch: MDe + MDv + Mq + M A= Iyyq + (Ixx-lzz) rp

: + = . -
Yaw: Np, +Np +N +Ny =1 f+q -1 )pq

3.5.3. Assumptions Made for Derivation of Equations of Motion. -

(1) Changes in moments of inertia and products of inertia due to engine rotation
relative to the vehicle (outer frame) body axes are negligible.

(2) Effects of angular velocities of the jet engine are negligible in the lunar simula-
tion mode.
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(3) Vehicle (outer frame) center of gravity coincides with the gimbal axes origin.

(4) Changes in moments of inertia due to fuel consumption were accounted for by
assuming a linear change from the value with full fuel to the value with zero

fuel, i.e.,

Lo = Tan "(Ifun L empty )

w .
. fuel remaining

Wea -

w
empty

(5) Aerodynamic rate damping terms Lpp, qu, Nr" are negligible.

3.6. TEST PROCEDURE.

Three pilots took part in these evaluations. Two were company test pilots, both

having helicopter experience, and one had, in addition, VTOL aircraft flight test experience

and considerable previous flight simulator experience. The third pilot is an ex-Navy pilot.

The experience of the pilots is outlined in Table 3-2.

TABLE 3-2
PILOT BACKGROUND EXPERIENCE SUMMARY

TOTAL OTHER PREVIOUS NUMBER OF
FLYING | HELICOPTER VTOL SIMULATOR RUNS IN THIS
PILOT HOURS HOURS HOURS HOURS PROGRAM
A 3600 100 R 100 98
B 4800 600 13 500 33
(90 landings)
Cc 1400 —_ — 100 16

The program was conducted in three phases. The first phase was a '"loose' pre-

liminary mission intended to give some qualitative and quantitative data as quickly as possi-

ble. It was commenced after approximately four hours of pilot learning time. The second

phase involved a more closely defined descent mission. The third phase consisted of quali-

tative investigations of such things as recovery from system failures.

3.6.1. Preliminary Mission. - The preliminary mission flown by the pilots was defined as:

(1) Start at zero attitude, speed and height.

(2) Climb vertically to approximately 200 ft.

Report 7161-954004
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“)
©)
(6)

Accelerate forward to approximately 35 ft/sec.
Decelerate and accelerate backward to 35 ft/sec.
Decelerate to zero speed and descent.

The mission time to be limited to approximately two minutes.

After the flight, recordings were made of the following parameters.

@)

@
®©)

Pilot ratings of attitude control and height control, based on the standard NASA
Cooper scale, Table 3-3.

Fuel consumed by the jet engine, lift rockets, and attitude rockets.

Time for the mission.

Missions were flown in the lunar simulation mode and engine centered mode.

Effects of the following parameters were investigated using the attitude rate command mode

with feedback gains Kp = Kq = Kr = 1 (to give stick and pedal sensitivity of 1.0 rad/sec for
full travel.).

@)
@)

Pitch, roll and yaw control power.

Attitude rocket on-off thresholds.

3.6.2. Descent Mission. - For this phase of the program, the pilots were asked to fly the

following mission, (See Figure 3-3;)

@)
2)

©)

@)

©)

Start at zero attitude and zero speed, at a height of 1,000 feet.

Make a controlled descent, stabilizing at approximately 20 ft/sec forward
speed and 20 ft/sec rate of descent.

Bring the vehicle to hover at approximately 100 feet above the landing area.
The landing area being a 200-foot square with its center 1,000 feet directly
ahead of the starting position.

Maintaining a position over the landing area, descend and touch down with
velocities less than 5.0 ft/sec in translation and descent.

The mission to be accomplished as quickly as possible, and in any event
within two minutes.

After each mission, the following observations were made:

(1) Pilot opinion ratings of attitude control and height control, based on the NASA

@)

3-10

Cooper scale (Table 3-3).
Fuel consumed by the jet engine, lift rockets, and attitude control rockets.
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(3) Touch down position, rate, and attitude.

4) Time for the mission.

Missions were flown with the attitude rate command system in combination with

lunar simulation mode and engine centered mode.
Effects of the following parameters were studied:

(1) Pitch and roll control power. These were set equal to each other.
(2) Attitude rockets on-off thresholds.
(3) Rate feedback gain (stick sensitivity) - (See Figure 2-6).

3.6.3. Miscellaneous Investigations. - This part of the program consisted of miscellaneous

investigations more qualitative than quantitative in nature.

3.6.3.1. Failure Modes. - Two types of failure were investigated: (1) jet engine failure;

and (2) jet engine attitude control failure.

(1) Jet Engine Failure. - The nature of the simulation setup limited this investi-
gation to the engine centered mode. The lift rocket maximum thrust was set
to the emergency level of 4,000 pounds; this being controlled via the collective
pitch lever in the usual way.

Failure was simulated by removing all jet engine thrust while pilot was
translating at an altitude of approximately 1,000 feet. To simulate the
emergency parachute, the descent rate was limited to 100 ft/sec. This is an
approximation because the parachute drag at descent velocities less than

100 ft/sec is not simulated. The pilot was asked to control attitude and to
touch down gently by applying full lift rocket thrust at the appropriate altitude-
approximately 350 feet. See Figure 3-4 for approximate recovery boundaries.

This maneuver was also attempted with the throttle levers interchanged -
i.e., the jet engine throttle controlling the lift rockets and vise versa.

(2) Jet Engine Stabilization Failure. - When flying in the lunar simulation mode,
a failure of the jet engine stabilization system causes the gimbal to be
returned to the local vertical or to the engine centered position and locked
(Paragraph 2.4).

The effect of this on the vehicle will be moments caused by the reaction to the
engine actuation and in going to the engine centered mode, if the vehicle
(outer frame) is tilted, a sudden increase in horizontal acceleration. On the
present simulation it was assumed that the engine went immediately to the
centered position, and only the effects of horizontal acceleration were repro-
duced. The pilot's response to this was investigated.
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3.6.3.2. Attitude Position Command System. - This mode of attitude control was not con-

sidered critical to the design. Missions were therefore carried out with a nominal con-
figuration to confirm the belief that attitude control in this mode is a very simple task.
Fuel consumption rates were recorded to determine if there were any marked differences
in the rate of attitude rocket fuel consumption using the position command mode rather

than the rate command mode.

3.6.3.3. Takeoff Simulation. - A series of runs were performed in the attitude rate mode,

engine centered, to obtain an idea of the minimum fuel consumptionlikely to be achieved
during take-off and climb or translation. These climbs consisted of takeoff, climb to 1500
feet, and translation with a minimum of maneuvering. Flight time was limited to four

minutes and fuel consumed was noted upon reaching altitude and after the four minutes.

3.6.3.4. Increased Aerodynamic Moments. - To obtain further indications of the effect of

were carried out with the moments on the vehicle and engine doubled individually and to
together. This was carried out for the lunar simulation mode and for the engine centered

mode.

3.6.3.5. Interchange of Lift Engine Throttles. - To determine the effect of using the con-

ventional throttle quadrant to control the lift rockets in the lunar simulation mode, the

functions of the two throttles were interchanged.

3.6.3.6. Height Damping. - In view of the difficulties experienced by the pilots in main-

taining height control, it was decided to investigate the effects of height damping (engine
centered mode). The mechanization achieved as indicated in Figure2-6. Descent missions

were then flown to determine the effect on pilot rating.
3.7. RESULTS AND DISCUSSION,

3.7.1. Attitude Control. - As far as possible, the pilots rated the ability to control attitude

separately from the thrust-height control. However, it should be pointed out that the

worst rating of the two would be applicable to the whole vehicle.

3.7.1.1. Preliminary Mission. - The results from the preliminary mission showed con-

siderable scatter, both between the various pilots and for each pilot, see Figures 3-5 and

3-6. Most of this can be attributed to pilot learning effects and therefore only qualitative

conclusions can be drawn from these data.
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2
(1) Vehicle is not flyable with pitch and roll control power of 0.1 rad/sec” .
(2) Yaw control power level had no significant effect in the range 0.1 to 0.4.

(3) Reducing the rocket on-off thresholds (with stick sensitivity set at full stick,
i.e.,=1.0 rad/sec) from on at five percent stick and pedal travel, off at two
percent to on at two percent, off at zero, gave a marked improvement in the
pilot's ability to control.

(4) Locking the gimbal appeared to have little or no effect on the pilot rating in
this mission. The descent mission however showed this conclusion was not
applicable to all missions.

" (56) Pilot learning effects seemed to dominate the results of this preliminary
phase.

3.7.1.2. Descent Mission. - Pilot ratings of attitude control in the rate command mode are

shown on Figures 3-7 and 3-8 for the lunar simulation mode and engine centered mode,
respectively. These data are for the chosen basic case in which:

(1) Rocket on-off thresholds are on two percent stick travel and off at zero stick
travel,

(2) Rate feedback gains Kp = Kq = Vr = 1. These gains correspond to stick sen-

sitivity and rudder pedal sensitivity of one rad/sec for full deflection.
Na
(3) Yaw control power I = 0.2 rad/secz.
ZZ
(4) Gimbal free the attitude control was rated at 3 to 4 with pitch and roll control
powers greater than 0.3 rad/ secZ. With control powers less than 0.3 rad/
sec” pilot ratings deteriorated to 6 to 7. Gimbal fixed the ratings were
approximately 1.5 ratings poorer than gimbal free but showed a similar trend
with control power change.

2
(5) The divergence in pilot opinion rating at the low control power (0.2 rad/sec”)
is apparently due to the maximum aerodynamic moments encountered
approaching the magnitude of the control powers. In this condition, unless
small attitude changes were maintained, the moments increased to a level
which could not be compensated.
2
It should be noted that pitch and roll control powers of 0.1 rad/sec” were found
in the preliminary mission to be completely unflyable, so were not repeated during the

descents.

To illustrate the deterioration in rating caused by changing from the lunar simula-
tion mode to engine centered mode, the combined data has been plotted on Figure 3-8. The
main reason for the lower ratings in the engine centered mode is the difficulty of controlling

translation when the whole thrust vector is rotated during an attitude change instead of 1/6
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thrust being rotated as is the case in the simulation mode. This difficulty in controlling

translation showed up particularly during the touchdown phase of the mission.

3.7.1.3. Effect of On-Off Threshold. - If the size of the on-off threshold is increased above

two percent stick travel, the pilot ratingé of control show a marked deterioration. Thresholds
smaller than two percent do not show a significant improvement when rate feedback gain is
1.0, but when rate feedback gain is reduced (i.e., stick sensitivity increased) smaller
thresholds can be beneficial. This is probably due to the pilot's preference for small control

deflections and the method of control.

It was noted that each of the three pilots developed a technique of attitude control not
by clasping the hand rest at the top of the stick and thus hafling to move his whole arm when
making control deflections, but rather, by holding the stick in the fingers, as one would a
pencil, low enough for the pilot's arm to rest on his leg. In this manner, stick movements

could be made using the fingers with occasional wrist movement. This immediately suggests

the use of a side arm controller combined with a suitable arm rest instead of the central stick.

Either a pencil type or fingertip (button type) could be used.

The above comments refer to the rate command mode. Here, to maintain an attitude
against moments, the stick has to be constantly "pumped' so as to get short bursts of thrust
from the attitude rockets. In the attitude position command mode the stick has to be held
deflected to maintain any attitude other than the neutral position. Hence if an attitude mode is
likely to be the most widely used then the conventional center stick would be the better choice

(e.g. as in conventional airplane).

3.7.1.4. Effect of Attitude Rate Damping. - The rate feedback gains Kp, Kq, Kr define the
stick sensitivity. With the simulator setup full stick or pedal deflection corresponds to

1.0

K'—-m rad/ sec . Figure 3-9 shows the effect of this parameter on the pilot ratings for
P q

r
both engine centered and lunar simulation modes. When K, = Kq = Ky = 0 we have no rate

damping; this is the acceleration command mode. As Figure 3-9 indicates, it was not found
possible to fly in the acceleration mode. It will be noted that the optimum level of damping
occurs at a higher value (lower stick sensitivity) in the engine centered mode than the lunar
simulation mode . Also, with the optimum damping, the rating for the engine centered mode

approaches the acceptable region. The reason for this improvement in rating with increased
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rate gain may be because the pilot prefers the less sensitive control to help compensate for

the high translational accelerations which occur when the engine is centered.

3.7.1.5. Attitude Position Command Mode. - A series of flights in this mode with K ¢ =

K g = K v = 1, Kp, Kq, Kr = 0.5, and thresholds of on two percent off zero stick travel
showed that:

(1) Attitude control is a very simple task for the pilot.

(2) Fuel consumption rate is of similar magnitude to that of the rate command
mode.

3.7.1.6. Increased Aerodynamic Moments. - The effect of doubling the aerodynamic

moments on the engine and vehicle individually or together was to cause a deterioration
of about 1/2 pilot opinion rating at a control power level of 0.4. Tests at lower control

power were not carried out, but it is to be expected that the lowest acceptable level of con-

tional increase of fuel consumption with the increased aerodynamic moments. It should be
noted that, due to its symmetry, there are no aerodynamic yawing moments on the simula-
ted vehicle outer frame. However, the LLRV configuration does have unstable yawing

moments and these may cause a further deterioration of the attitude control pilot ratings.

3.7.2. Height Control. - Throughout the tests, the pilots rated height control as follows:

RATING
ENGINE CENTERED LUNAR SIMULATION
PILOT MODE MODE
A 6 . 4.5
B 6.5 6
C 5 5

For the lunar simulation mode, these ratings would be unsatisfactory and for the engine
centered mode on the border, unsatisfactory - unacceptable. It should be noted that these

ratings must be considered as the overall values for the vehicle.

The main criticism of height control was that the throttle types are mixed, so that a
pulling motion of the jet engine throttle reduces thrust and pulling the lift rocket lever
increases thrust. The pilots found this confusing even though a single simulator run

involved the use of either one or the other control, not both. In the real vehicle, where the
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pilot will change in flight from engine centered mode to lunar simulation mode and hence
from lift rocket control to jet engine control, the throttle configuration is likely to cause
even more confusion. Apart from this criticism, height is inherently difficult to control
because of the effective lift change whenever the pitch or roll attitude varies. Considerable
practice was required by the pilots before the landing mission could be flown accurately.
This amounted to one to two hours practicing the descents in addition to the previously

accrued 10 hours of simulator time performing the preliminary mission.

3.7.2.1. Interchanging Throttles. - In response to the criticisms regarding the conflicting

throttle types cited, the lift rockets were set up to be controlled by the conventional
throttle quadrant instead of the collective pitch type lever. This setup was preferred by
the pilots, although further work would be required to optimize the throttle sensitivity

(i.e., inches/g.).

3.7.2.2. Height Damping. - Introduction of height damping in the engine centered mode

produced a favorable increase in the pilot opinion ratings of between 1/2 and 1.0 points,
depending on the attitude control power (see Figure 3-8). As would be expected, the mini-

mum flyable control power remained the same with height damping as without.

3.7.3. Fuel Consumption. -

3.7.3.1. Attitude Rockets. - The fuel consumption data from the preliminary mission

studies (Figure 3-10). exhibits considerable variation from pilot to pilot. The only trend
is to suggest an increase in rate of fuel consumption at the greater control power levels.
Data from the descent missions (Figure 3-11) show much better agreement except for

pilot C. The divergence in data from pilot C is probably due to his shorter simulator time.

It seems reasonable to assume that for a similar mission, a sufficiently trained
pilot could achieve a rate of fuel consumption with the basic configuration (threshold +2%
-0%, Kp = Kq = Kr = 1) of from 12 to 17 Ib/min in the lunar simulation mode and from 14 to

19 1b/min in the engine centered mode.

Changing the threshold and rate feedback gain (stick sensitivity) had an effect on
the rate of fuel consumption, that was similar to the effect on the pilot opinion rating

(see Figure 3-12).
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Decreasing thresholds from on at two percent, off zero to on at 0.5 percent off
zero reduced the fuel consumption rate from about 12.5 Ib/min to 10 1b/min for the lunar
simulation mode. Insufficient data was obtained to define the effect in the engine centered

mode.

Changing the rate feedback gain when in the lunar simulation mode caused an
increase in rate of fuel consumption from about 13 1b/min at Kp = Kq = Kr =1.0 to 19.5
Ib/min at Kp = Kq = 0.6, Kr = 1.0 and 17.5 1b/min at Kp = Kq = 1.4, Kr =1.0. In the engine
centered mode, the minimum fuel consumption rate occurs at approximately Kp =K =1.5,

Kr = 1.0, being 11 Ib/min. At Kp = Kq = Kr = 1.0, fuel consumption rate is 17 1b/min.

Flights in the position command mode indicated that the fuel consumption rate was
of the order 10-13 Ib/min. This is of similar magnitude to the minimum values achieved

by the pilot in the rate mode.

3.7.3.2. Lift Rockets. - The fuel used by the lift rockets is almost directly proportional to
the time they are fired. This has been plotted on Figure 3-13 for the lunar simulation mode
descents. It can be seen that fuel used ranges from 320 1b to 530 1b for the descent from

1,000 ft while translating forward 1,000 ft.

The pilots were asked to complete these descent missions in as short a time as
possible. The actual time taken is shown in Figure 3-14 to be between 1.5 and 2.0 minutes
for both the lunar simulation and engine centered modes. Since the mission should only take
about 70 seconds (1,000 ft at 20 ft/sec plus about 10 seconds for acceleration and 10 seconds
for deceleration), these times suggest that the order of 0.5 minute should be added to mission

time estimations to allow for the actual positioning - hover - touchdown phase.

3.7.3.3. Fuel Used for Takeoff and Climb. - A series of takeoff and climb missions, during

which the pilot endeavored to use a minimum of attitude control fuel, showed that a minimum

of around 10 1b/min could be expected in the rate command mode.

3.7.4. Recovery Procedure in Case of Jet Engine Failure. - If a jet engine failure occurs

before the lunar simulation phase of the flight has been commenced, there will be approxi-
mately 500 pounds of lift rocket fuel for the emergency rockets. Figure 3-4 illustrates

the recovery profiles which could be used if the weight at beginning of recovery is 3400

pounds.
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Assuming failure occurs in the "free fall region', the emergency parachute must be
deployed and the vehicle allowed to free fall until the descent velocity takes the vehicle past
the "lift rocket fuel boundary'. A series of actions are now open to the pilot, the boundaries
being defined by the following two cases:

(1) Continue the free fall so that the terminal descent velocity of 100 ft/sec is
achieved. When the altitude reaches the thrust limited boundary.(350 feet for
the weight being considered), apply full emergency rocket thrust and the vehicle
will decelerate and touch down at 10 ft/sec. Sufficient fuel is available for a 10

ft/sec descent from 100 feet should the lift rockets have been applied at 450
feet instead of 350 feet.

(2) As the vehicle passes through the lift rocket fuel boundary, apply the emergency
rockets to give a thrust equal to the weight and hence maintain a constant rate of
descent down to the thrust limit boundary, (44 ft/sec and 150 feet, respectively,
for this case). At this altitude apply full emergency rocket thrust and the
vehicle will decelerate to reach the ground at 10 ft/sec. This form of descent
uses all the available lift rocket fuel. It should be noted that excursions into
lower descent velocities (less than 44 ft/sec in this case) will use all the fuel
before touchdown.

In the simulator program, only case (1) was investigated by the pilots. It was found

that the vehicle attitude was controllable at the maximum descent rate of 100 ft/sec if the

control power was satisfactory for level flight.

Application of full thrust at the precise height was found extremely difficult. If thrust
was applied too early there was a distinct tendency for the vehicle descent velocity to
reach zero and begin climbing again. If thrust was applied too late, the velocity of impact

was too great.

This form of recovery was considered decidedly hazardous. A profile approaching
case (2) would be more desirable, since the maximum descent rate is halved and hence
twice as much time is available for the pilot to initiate emergency rocket thrust. It will be
realized however, that both the "lift rocket fuel boundary' and the "thrust limited boundary"
are functions of vehicle weight at the start of emergency descent. Thus, to perform a
descent case (2), the pilot would need to know his position relative to both of these changing
boundaries. With case (1), emergency descents from greater than about 900 feet require
knowledge of only the thrust limited boundary at 100 ft/sec. Descents from less than 900
feet will have a free fall curve which intersects the thrust limit boundary at less than the

chute terminal velocity, so the pilot needs to know his position relative to the boundary.
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For altitudes up to 1300 feet and weights less than 3400 pounds, the procedure could
be standardized by the following technique:

DEPLOY PARACHUTE

[ FREE FALL UNTIL EITHER —|

RATE OF DESCENT = 54 FT/SEC OR ALTITUDE =180 FT

l
MAINTAIN RATE OF DESCENT
AT 54 FT/SEC TO 180 FT
l
APPLY FULL THRUST AND DECEL}lERATE TO 10 FT/SEC .

MAINTAIN 10 FT/SEC DESCENT RATE TILL TOUCHDOWN

For a failure above 1300 feet altitude, the pilot would have to use the 'thrust limited
boundary" by free-falling to 350 feet and applying full thrust. These boundaries are for
reference only and apply to the thrust and initial weight values of 3600 pounds and 3400

pounds, respectively.
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SECTION IV
ESTIMATED HANDLING QUALITIES

The following discussions of estimated handling qualities are based on the results
of the piloted analog simulator study, Section III, and on comparisons of the aerodynamic
characteristics of the simulated vehicle and the actual LLRV. The simulated vehicle was
essentially representative of the actual vehicle except for the aerodynamic forces and

moments.

Figures 2-7 through 2-10 show the relative values of drag and moments in the engine
centered mode for the LLRV and the simulated configuration. As can be seen, the drag of
the LLRYV is of similar magnitude to that simulated, so the vehicle and engine tilt angles

will be similar to those simulated for a given translation rate.

Pitching moments are of similar magnitude but of opposite sign, being nose up on
the LLRV but largely nose down on the simulated vehicle. In both cases, the magnitude is
sufficient to produce +0.2 rad/ sec2 acceleration in the range of 40 to 60 ft/sec. It is possi-
ble that the nose-up moments, which are speed stable, would result in a favorable effect on

the handling qualities of the LLRV compared with the simulator.

Rolling moments on the LLRYV are of opposite sign to those simulated and are also
of larger magnitude. At 60 ft/sec, B = 20 degrees, the rolling moments are equivalent to
about:

~0.264 rad/ secz for the LLRV and
+0.0290 rad/ sec2 for the simulated vehicle.

When sideslipping this is likely to cause a significant deterioration of the control rating of

the LLRV.

Due to the symmetry of the simulated vehicle, the yawing moments were zero in the
engine centered mode and small when in the lunar simulation mode. On the LLRYV there are
yawing moments in both modes. In the engine centered mode the yawing moments are
equivalent to about -0.048 rad/sec2 at 60 ft/sec and B = 20 degrees. This fact, coupled
with the large rolling acceleration, will probably result in a marked deterioration of hand-

ling qualities from those achieved on the simulator.
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In view of the foregoing comments, the handling qualities data of Paragraph 3.7
should be considered as illustrating the effects of the various parameters rather than as

absolute pilot opinion ratings for the vehicle.

The following is a discussion of the dominant parameters and their effects on atti-

tude control, height control, and fuel consumption.
41. ATTITUDE CONTROL.

4.1.1. Attitude Acceleration Command Mode. - It was found impossible to fly the simulator

with this mode of control. However, with the added motion and visual cues it may be possi-
ble to fly the actual vehicle in this mode when the pilots have had considerable experience

and/or flight experience in other modes.

4.1.2. Attitude Rate Command Mode. - This mode was found to be flyable with the basic

parameters set at a variety of values. A discussion of these is given in the following

paragraphs.

4.1.2.1. Control Power. - The simulator study indicated that for descént missions, the

pitch and roll control power had little effect provided it was above the minimum of around
0.2 to 0.3 rad/ sec?. This minimum requirement for control power is dependent on the max-
imum velocities u, v, and w which will be encountered during the mission. The speeds at
which the aerodynamic moments equal rocket moments that would give a control power

of 0.2 rad/sec2 are indicated in Figures 2-8, 2-9, and 2-10 for the engine centered mode.
These boundaries are not the actual speed limits because, in fact, a margin of control

power would be required to allow for stabilizing the vehicle even if the aerodynamic
moments were zero. It should be noted that the unstable yawing moments will induce side-
slip and hence rolling moments. A margin will therefore have to be allowed to compensate

the effective halving of control power when overcoming both pitching and rolling moments.

4.1.2.2. Rate Feedback Gains (Stick Sensitivity). - The simulator was set up so that a rate

feedback gain of 1.0 corresponded to a stick and pedal sensitivity of 1.0 radian/second for
full stick travel. Figure 3-9 shows the effect on pilot opinion rating of varying the stick

sensitivity both for the engine centered and the lunar simulation modes. Yaw pedal sensi-
tivity was maintained at 1.0 rad/sec. The optimum pitch and roll sensitivity was found to

be about 1.0 rad/sec in the stabilization mode and 0.6 rad/sec in the engine centered mode.

4-2 Report 7161-954004




4.1.2.3. Rocket On~Off Threshold. - Figure 2-4 shows that the attitude control rocket

control logic incorporated on the LLRV results in an effective threshold at 45 degrees to the
one si_mulated. This means that, when there is a large error in the pitch channel, the pilot
wiil have to move a greater distance (in roll/’ direction) before the roll rockets fire than if
the pitch error will near zero. Similarly, if a large roll error signal exists (roll rate or
roll attitude not near commanded valves), a large stick deflection in the fore or aft direction
would be required to fire the pitch rockets, A similar situation existed in the simulated
vehicle, but there the large stick motions required were in the diagonal (combined pitch/
roll) direction. It is impossible to say how much effect this difference between the actual
LLRV and the simulated vehicle will have on the pilot's opinion of the handling qualities.
However, if rates of stick deflections are kept small so that the vehicle can keep up with the

commands, large error signals will not occur and the difference should not be noticeable.

The simulator study showed that the pilot opinion rating improves with decreasing
on-off threshold (Figure 4-1). However the improvement with thresholds below one percent
of stick travel (or 0.57 deg/sec rate error) is not significant enough to outweigh the detri-
mental effects of the increased rate of rocket pulsing. It should be noted that the rocket
duty cycle tests during development were based on the assumption that the rocket pulse
rates will not exceed two pulses/second. Pulse rates above this are considered undesirable
due to possible excessive valve wear. On-off thresholds less than one percent are therefore

not recommended.

4.1.2.4. Attitude Position Command Mode. - This mode was found very easy to fly. It was

therefore not investigated in detail during the simulated flights.
4.2. HEIGHT CONTROL.

Height control.was found to be a difficult task. The comments of Paragraph 3.7.2
apply tothe vehicle as well as the simulator, although the added motion and visual cues
sensed by the pilot when flying the vehicle should make the task slightly less difficult. It
may be found advantageous for the pilot to practice height control in the vehicle using the
attitude position command system, thus minimizing the attitude control task until he becomes
proficient at height control. Depending on the available thrust to weight ratio, the descent
velocity is limited by the height required to decelerate to zero velocity before reaching the

ground. These boundaries are given on Figure 4-2 for various weights.
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Figure 4-2. Jet Thrust Limited Descent Velocity Boundaries - Engine Centered Mode

I EO A A e S A LS O U O FEI U EOEL ) R Pt IS o

SR EhE Y S S 8 bt & denpde . B

FRERENT- I SRR ERE R = RS FEARE I SR H : =

i I L e e STLNRE: rrarra RIS sSSP = o !

.,, L ‘ IR FEES S S S (N SESSETONNE PEE FFE TN ey vl IR SRSt FHONE BN : S b

| 7 070082 94V SPIEMPH 240qY) 3 — opMNIY | | N =

, U P S N - ;ff RSN PEERE RS CEEN BESUS FEEOY ERRN SHE R T.w.: HEEERE .w‘...:..“.: ‘ b t ..n
meek ,,.,.tf”.i.,..ww.“iv:v REEEE b Ees SN s ST R 4 s A i e BTSN S

L s R i M L ! i : S I { ....wrg. ! m

£~




4.3. FUEL CONSUMPTION.

Attitude rocket fuel consumption rate was found to vary considerably from pilot to
pilot and with the individual pilot's experience. Results from the simulator study (Section
IM) suggest that attitude control rocket fuel consumption for a trained pilot will be in the
range 11 to 17 1b/min in the stabilization mode or engine centered mode. However, the
ratios of moment arm to inertia on the LLRV are about 75 percent of those simulated.
This may mean that the higher level of rocket thrust required for a given control power

will result in a 25 percent increase in fuel consumption rate.

Lift rocket and jet engine fuel consumption rates were almost exactly equal to the
product of the nominal thrust setting and the specific fuel consumption. These can be

determined from the flight plan and the estimated performance handbook.
44. EMERGENCY RECOVERY PROCEDURES.

4.4.1. Jet Engine Failure. - This has been discussed in detail in Paragraph 3.7.4. The

boundaries presented in that section should be treated as reference only as they may change

when the latest LLRV configuration weight, drag, engine thrust, etc. are incorporated.

4.4.2. Lift Rocket Engine Failure. - The laydut of the lift rocket fuel supply is as indicated:

i.e., a common control valve supplies both rockets.

r— Fuel

o Throttle Valve

In view of this arrangements the possible malfunctions are:

Increasing Thrust:

(1) both fail to fire.
(2) one fails to fire.
(3) thrust increment one side greater than the other.

Decreasing Thrust:

(4) one rocket suddenly cuts out.
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(1) If both fail to fire - pilot abandons the lunar simulation phase of the flight and
lands using the jet engine.

(2) If one fails to fire - full thrust produces a rolling moment of approximately
1415 1b ft.

e

= 1,29 ra.d/sec2
XX

Maximum roll control = 0.981 rad/. sec2
Minimum roll control = 0.098 ra.d/sec2

Out of balance rolling moment = 0.309 (minimum)
=1.192 (maximuin)

Hence pilot will roll through about 60 degrees in 10 seconds at best
and 60 degrees in 1.75 seconds at worst
Clearly this would be catastrophic so when initiating the lunar simulation mode, the
pilot must apply thrust gradually enough to be able to recognize an asymmetric condition

and reduce thrust before it becomes uncontrollable.

(8) Out of balance thrust - reduce thrust level to give controllable conditions.

(4) One rocket cuts out - same comments as (2) apply. However, since this may
occur at some stage in the flight when the pilot is not operating the lift rocket
throttle, it would probably take the pilot longer to recognize the condition and
reduce rocket thrust. Clearly practice on the simulator is required to attain
maximum proficiency.
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